Abstract
Es wurden an verschiedenen technisch bedeutsamen nichtoxidischen Keramiken Korrosionsversuche in
In this study corrosion tests in aluminium melts were carried out on various silicon nitride and silicon carbide materials using different testing methods. Thermodynamic considerations were made on corrosion reactions. Experimental results and theoretical considerations including thermodynamics, diffusion through the metal/ceramic interface and wetting effects are used together to come to a better understanding of the corrosion behaviour of these ceramic materials.
Thermodynamics
Of particular importance for planning tests as well as for interpreting the test results are thermodynamic considerations on corrosion reactions. With thermochemical data 2'3 and binary phase diagrams 4'5 known from the literature ternary phase diagrams for the systems AI-Si-N and A1-Si-C were constructed for 827°C and 1027°C, only considering the main products which might be formed. These diagrams are shown in Fig. 1 .
The following reactions have to be considered with Si3N 4 and A1 in the temperature range between 827°C and 1027°C:
Si3N 4 reacts with A1 in the temperature range between 827 and 1027°C and solid Si and A1N are formed (reaction (1)). Moreover, SiaN, , may dissociate into N 2 and solid Si (reaction (2)). The solid
,/:;",\, silicon formed can dissolve in the liquid aluminium (reaction (3)). Reaction (1) is thermodynamically strongly favoured in the temperature range discussed. Reaction (2) can proceed in a gas atmosphere with a N 2 pressure low enough, for 827°C lower than 10-4Pa and for 1027°C lower than 5 × 10-2Pa, calculated from thermochemical data given in Ref. 2 . Reaction (1) and reaction (2) are coupled with reaction (3) . If, at a given temperature, saturation of the AI-Si melt is reached, solid Si will be formed. The dissolution of Si in the melt lowers the activity of Si, and thus enhances the decomposition reaction (1) .
For SiC and A1 only two reactions have to be considered:
(4) and reaction (3) .
For reaction (4) the equilibrium lies on the left hand side. However, in combination with reaction (3) an equilibrium exists between SiC, A14C 3 and a liquid mixture. In contrast to the A1-Si-N system the reaction product (A14C3) can not coexist with pure solid Si. The calculated equilibrium composition of the liquid A1-Si mixture in this system is largely dependent on small changes in Gibbs enthalpies, so that the variations in the values found in the literature can easily be explained by these changes. Viala et al. 3 determined experimentally the equilibrium silicon concentrations as a function of temperature. Heikinheimo et al. 6 calculated the equilibrium Si concentration at 1000~C, and Warren & Andersson ~ estimated a plausible equilibrium value at 800°C. All these values are compiled in Table I .
The temperature dependence of the Gibbs enthalpies of some important corrosion reactions of nitrides, carbides and oxides with molten aluminium is given in Fig. 2 . For the silicon nitride materials the following reactions may influence the corrosion behaviour: the thermodynamically strongly favoured reaction of aluminium with the main component silicon nitride and the reactions with the [] Si3N4 + 4AI = 4AIN + 3Si
sintering additives yttria and magnesia. It is clear that the formation of liquid alloys of A1 with Si, Y and Mg will promote the corrosion reaction. The sintering additive yttria is very stable in contact with molten aluminium, and thus less susceptible to corrosion attack. The thermodynamical stability of the sintering additive magnesia in liquid aluminium is not so high, but the equilibrium is still on the left hand side. However, the reaction becomes possible if the volatile reaction product Mg is removed by evaporation from the melt, especially at high temperatures. For the corrosion of silicon carbide materials the reaction of SiC with AI is near the thermodynamical equilibrium, so that the driving force is much less than for Si3N 4. For both groups of materials, silicon nitride and silicon carbide, the reaction of silica, present in the oxide layers on the ceramic surface, with the aluminium melt is thermodynamically strongly favoured. 
Corrosion tests
Three types of tests were used, two short-term tests and one long-term test. The short-term tests were performed as follows:
--Graphite crucibles (inner diameter 10mm, inner height 20 mm) were provided with small nearly cubic ceramic samples (5 x 5 x 5 mm) together with 2"5 g pure aluminium (AI 99.99%) and heated in tube furnaces in flowing helium.
In some experiments the graphite crucibles were replaced by high-purity alumina crucibles, and additionally an alumina boat with coal granules was placed upstream in the hot zone near by the crucibles. --Crucibles of the ceramic materials to be tested (inner diameter 21mm, inner height 25ram) were provided with 2.5g of a commercial aluminium alloy (AlZnMgCul.5--composition (in wt%): Zn, 5-6-6.1; Mg, 2.1-2.9; Cu, 1.2-2.0) and heated in a tube furnace with flowing helium atmosphere.
In the first type of short-term test the test temperature was kept at 1000°C over 48 h with the exception of the varied method, where test time was 96 h, and additionally a test templ~rature of 750°C was applied. In the second type of short-term test the temperature of 1000°C was kept for 48h. The oxygen content of the gas leaving the furnace was monitored with a ZrOz-oxygen sensor, the oxygen partial pressure was 10-15 Pa.
In the long-term tests ceramic samples with the same dimensions as in the first type of short-term test were placed together with 10 g pure aluminium (A1 99-99%) in crucibles made of inert material (stabilized zirconium oxide: inner diameter 22 mm, inner height 28 mm) covered with a graphite plate and placed in a graphite crucible holder. The test temperature of 1000°C was kept over 500 and 750 h respectively.
Materials
Eight silicon nitride materials and two types of silicon carbide were investigated:
• Hot-isostatically pressed reaction-bonded silicon nitride (HIPRBSN) with 4.2 wt % Y203 as sintering additive: density 100% th.d., /3-Si3N4, crystalline Y-Si-O-N secondary phases, partly amorphous grain boundary phases.
• Hot-pressed silicon nitride (HPSN) with 11 wt% Y203 as sintering additive: density 100% th. 
Characterization methods
Microstructural changes after corrosion attack were investigated by light microscopy, scanning electron microscopy (SEM) including energy dispersive analysis (EDX), electron probe microanalysis and X-Ray diffraction analysis.
Results

Silicon nitride
Hot-isostatically pressed reaction-bonded silicon nitride with 4"2wt% I1203
This material was submitted to long-term testing. X-Ray mapping and line scans of aluminium, silicon, yttrium, nitrogen and oxygen shows that during the long-term tests over 500 and 750 h respectively a dense reaction layer of an average thickness of about 6 pm was formed. Besides A1N, as expected from thermodynamics, oxygen was also found in this layer. In the metal near the metal/ceramic interface aluminium oxide particles were observed. The oxygen and the AlzO 3 particles obviously derive from the oxide layer always surrounding the aluminium and, regarding the oxygen, to a minor extent from the oxide layer on the silicon nitride. Which role the sintering additive yttria plays in the formation of the interface is still not clear. From the composition of the reaction layer (A1, Y, Si, O, N) it might be assumed that a (Y)SiA1ON layer is formed. The wetting of Si3N 4 by the aluminium melt is poor.
Hot-pressed silicon nitride with 11 wt% Y203
After long-term testing X-ray mappings and line scans show similar results as with HIPRBSN. In the line scan, presented in Fig. 3 , the thickness of the interlayer between metal and ceramic (5/am) is minimally smaller than in HIPRBSN. The wetting is also poor.
Hot-pressed silicon nitride with 2"5 wt% MgO
After long-term testing the roughness of the interface between the metal and the ceramic is higher than for the two ceramic materials already discussed• This may be an indication that a stronger (or another) form of corrosion attack has occurred than in the case of YzO3-doped materials• The following reasons may account for this: Firstly, the sintering additive MgO behaves in a different way to Y203 in contributing to the formation of a corrosioninhibiting interlayer between the metal and the ceramic• Secondly, the X-ray mapping for Mg and the concentration profiles for Mg across the interface determined by line scans show a strong variation in Mg concentration over the specimen, which may result from the different corrosion attack at various places. As in the two Y203-doped materials already described, the X-ray mappings and the line scans for the elements A1, Si, Mg, O, N show a thickness of around 6/tm, where all elements are found together. The composition of this layer might be an indication of the formation of a (Mg)SiA1ON layer. Also with this material the wetting is found to be poor.
4•1.4 Hot-pressed silicon nitride with 5 wt% MgO
The effect of the sintering additive MgO on the corrosion attack observed after long-term testing is seen more clearly than with 2.5 wt% MgO. In Fig. 4 the X-ray mappings for A1 and Si and the secondary electron micrograph show the local attack of the ceramic without any change in the surface morphology.
Reaction-bonded silicon nitride with 18"6% open porosity
After the first short-term test SEM investigations showed strong changes in microstructure of the ceramic material• As expected, porosity has decreased considerably. X-Ray diffraction analysis of the ceramic material proves the formation of about 80% aluminium nitride, as expected from thermodynamics• Consequently, the silicon nitride content had decreased and some aluminium metal was found• In the aluminium metal a few per cent of silicon was detected with SEM/EDX. 70.00 
Silicon carbide
Hot-isostatically pressed silicon carbide with 0"2wt% AI
This material was submitted to the long-term tests. Because the possible reaction product aluminium carbide is known to be very susceptible to hydrolysis by liquid water and even humidity of the atmosphere, a special method was used for preparing the samples for SEM/microprobe measurements, excluding water. A reaction layer of roughly 100/~m thickness was found. Microprobe measurements showed that the layer consists of grains of aluminium carbide of about 4-5 #m diameter, the space in between these grains of 1-2/~m is filled with A1-Si alloy. This can be seen by A1 and Si X-ray analysis. A concentration profile over the layer thickness does not exist.
Infiltrated silicon carbide ( SiSiC ) with 12 wt % free silicon
After the short-term test 1 SEM investigations showed a strong change in microstructure of the SiSiC material. A corrosion layer of about 500-600 #m consisting of AI4C 3 was found. Inside the ceramic material the grains of silicon carbide were partially corroded, as indicated by changes in grain shape. The silicon between the silicon carbide grains was partially replaced by aluminium. The silicon content of the melt was found to be only a few per cent.
Discussion
Silicon nitride
As expected, a fundamental difference is observed between the behaviour of dense and open porous silicon nitride. Dense silicon nitride shows nearly no corrosion attack even after long-term testing at 1000°C over 750h, whereas porous silicon nitride has already extensively reacted after 48 h under the same conditions. Various reasons for this different behaviour might be responsible:
• Due to the high open porosity the interface which can react with the melt is much larger in RBSN than in dense materials.
• The irregular curved pore surface of the porous materials complicates the formation of a closed corrosion inhibiting interface layer. Reaction layers have been found by various investigators.S-~4 • Reaction-bonded silicon nitride may contain small amounts of free silicon from the production process, which easily dissolves in liquid aluminium (reaction (3)), and thus, may have two effects to promote wetting and reaction. 15 Free silicon enhances wetting of the ceramic and the dissolution of the silicon in liquid aluminium increases the contact interface. As a consequence, the reaction rate between ceramic material and metal is enhanced.
• The silica layer on the greater inner surface of the open pores may have an additional effect in improving wetting due to the reduction to silicon by aluminium.
• Reaction-bonded silicon nitride (which is not subjected to sintering after reaction bonding) contains no sintering additives, so that reaction products are not so effective in inhibiting corrosion attack.
• Another possibility, already discussed in a previous paper, 16 is the additional occurrence of the decomposition reaction of silicon nitride (reaction (2)), which is, for example, the only possible corrosion reaction of Si3N 4 with t7 copper.
Which of these factors are decisive and of practical importance has to be investigated in further tests with RBSN materials where the parameters open porosity, pore shape, silicon content are systematically varied. The influence of surface modifications by very pure silicon nitride layers (applied e.g. by CVD) should also be included in these considerations.
In all materials A1N is formed. This is in agreement with thermodynamics. However, in dense silicon nitride the secondary phase composition has to be considered. The differences in corrosion behaviour between the various types of dense silicon nitride are found to be not so essential. However, there are some indications that small variations between the YzO3-fluxed and MgO-doped materials exist. The greatest distinction is to be seen in a local attack in the MgO containing materials. However, it
is not yet clear whether these differences are due to the different type of additives or due to concentration inhomogeneities. In Ref. 17 it was found that MgO-fluxed silicon nitride was attacked more strongly by Cu than materials containing AlzO 3 or /3'-SiA1ONs. In both materials oxygen was found in the reaction layer, so that a formation of SiAION(s) might be considered. Perhaps MgO and Y203 may be in some way involved in the formation of this layer. These thin layers, found in all dense silicon nitride materials investigated till now, account for the corrosion resistance of these materials.
Silicon carbide
As expected, with silicon carbide materials a strong distinction in corrosion behaviour has to be made between dense silicon carbide and silicon infiltrated silicon carbide. Dense silicon carbide forms a layer remarkably thicker than that on dense silicon nitride. Because of the greater thickness the microstructure of this layer can be investigated in more detail. The reaction product is A14C3, which is the only product of the corrosion reaction of SiC with AI after reaction (4) in the temperature range between 650°C and about 1350°C (see Section 2 and Ref.
3). The microstructure of the layer explains the larger corrosion effect compared to dense silicon nitride. At the test temperature the interspaces between A14C 3 grains are filled with liquid A1-Si alloy. This liquid alloy allows a much faster exchange of material through the interface than solid-state diffusion in the case of silicon nitride.
Silicon-infiltrated silicon carbide is attacked very easily by dissolving the free silicon between the silicon carbide grains. The now isolated silicon carbide grains exhibit an extensive interface to the melt, and thus are strongly attacked. As in the case of RBSN, the free silicon increases the wetting behaviour.
The results of the investigations with dense silicon nitride and silicon carbide after long-term testing are summarized in Fig. 6 . aluminium. The results are compared with those described here. The ceramic material used in Ref. 1 was a composite consisting of dense SiC grains reaction bonded with open porous silicon nitride with 17% porosity and some oxynitride content. Samples of this material were subjected to an immersion corrosion test at 750°C for 168h in an A1-Si alloy with 12 wt % silicon before and after oxidation in air at 1000°C for 48 and 138 h respectively.
The nonoxidized samples showed no significant corrosion attack, whereas oxidized samples are readily attacked on the silicon nitride phase. According to the authors this behaviour is caused by the formation of a silica layer preferably on the large surface of the porous silicon nitride. This silica layer is readily wetted and attacked by th¢ aluminium melt under formation of silicon and alumina. Subsequently the oxidized silicon nitride can be attacked by the liquid aluminium. Silicon carbide cannot react with A1 under these conditions for thermodynamic reasons: The silicon content of the metal melt is, at 12wt% Si (2 12 at.% Si), higher than the equilibrium concentration at this temperature of about 5.6 at.% in contact with SiC and A14C 3.
The findings with the nonoxidized material are in accordance with the results of this investigation: open porous reaction-bonded silicon nitride materials did not react with aluminium at temperatures lower than 800°C, although strongly favoured by thermodynamics. Dense silicon carbide, although it is allowed by thermodynamics to react with pure aluminium to a great extent, only forms a thin layer of reaction products of about 100 #m thickness even at 1000°C for 750 h, far from reaching equilibrium.
Conclusions
Reaction products observed in the various materials investigated are in good agreement with thermodynamic predictions. However, depending on the microstructure of the materials controlled by different processing techniques, the interaction between silicon nitride or silicon carbide and the aluminium melt is quite different.
On dense silicon nitride a thin and dense corrosion inhibiting layer of mainly A1N is formed. This mechanism does not work with open porous RBSN, which reacts extensively with the aluminium melt at 1000°C, while at 750°C no wetting or reaction is observed. The temperature limit for the formation of the reaction products is about 800°C. The influence ofsintering additives is up to now not clear and is the subject of further investigations.
With dense silicon carbide an interlayer is formed consisting of A14C 3 grains with interspaces filled with liquid A1-Si alloy, which does not act as effectively as a corrosion barrier as the layer on dense silicon nitride does. Silicon-infiltrated silicon carbide is very prone to corrosion attack, because of its free silicon content.
For both reaction-bonded silicon nitride and silicon-infiltrated silicon carbide, free silicon is assumed to enhance wetting, and in consequence, corrosion attack.
Comparison of the experiments with open porous reaction-bonded silicon nitride and dense silicon carbide in this work with the results obtained in Ref.
1 with a composite material consisting of dense SiC grains reaction bonded by silicon nitride allows the following additional conclusions. A silica layer formed by oxidation of the porous reaction-bonded silicon nitride increases wetting and the reaction rate in contact with aluminium melt so that detrimental corrosion can already occur at 750°C in the silicon nitride. Oxidation of silicon nitride ceramics has to be avoided, because the formation of silica is particularly disadvantageous by increasing wetting.
As a consequence, the following conceptions can be established to improve corrosion resistance of technical ceramic materials. With materials thermodynamically not stable towards the metal melt the corrosion resistance of a material can be improved by making or keeping the surface non-wetting. This is especially of importance with open porous materials, where infiltration of the melt into the pores has to be avoided. Possibilities to achieve this aim are to reduce the wettability by surface layers and/or to close the pores by e.g. PVD or CVD layers.
